Background {#Sec1}
==========

The ability to accurately capture, quantify and compare phenotypes across scales is central to understanding genome function, and establishing genotype--phenotype relationships. In plants this has been largely examined at macroscopic levels \[[@CR12], [@CR15]\].

Due to advances in sample preparation \[[@CR7], [@CR8], [@CR33], [@CR34]\] and microscopy \[[@CR22]\], full 3D and 4D cellular resolution imaging of whole plant organs are now routinely being generated \[[@CR2], [@CR16], [@CR27], [@CR29], [@CR37], [@CR39]\]. The computational analysis of these image datasets can provide outputs that can bridge the organ, cellular and molecular scales \[[@CR6], [@CR9], [@CR13]\]. Plant developmental biology has made use of many of these techniques to understand the basis of growth and development, both in terms of cell growth \[[@CR2]\] and cell division and lineage tracking \[[@CR17], [@CR24], [@CR37], [@CR39]\].

With the continued generation of these informative organ-wide 3D cellular datasets comes the need to extract biologically meaningful information. Similar to gene expression datasets, quantitative 3D cellular images require annotation in order to contextualize the data obtained into cell identity and position \[[@CR26]\]. The inability to perform cellular annotation represents an obstacle in the ability to analyse these quantitative image datasets, to extract their key biologically significant features through the functional annotation of data points (cells), and to identify equivalent data points between different samples. In this instance, individual cells and their properties can be treated as quantitative data points within the complex structure of a plant organ. The annotation of cells within organs based on their identity and/or position enables their context within an organ to be established, and their associated data to be analysed accordingly.

We previously developed a computational pipeline named 3DCellAtlas which performs both cellular annotation and position identification within radially symmetric organs, enabling digital single cell analyses \[[@CR28]\]. Not all plant organs are radially symmetric, making this approach limited to those which share this symmetry.

The shoot apical meristem (SAM) in plants is the apical stem cell niche from which all above ground organs develop, and is the subject of intensive study across numerous labs \[[@CR4], [@CR18], [@CR37]\]. Both 3D and 4D cellular resolution imaging of the SAM is now being routinely performed by a variety of labs \[[@CR3], [@CR11], [@CR21], [@CR23], [@CR37]\], with software to perform automated cell lineage tracking \[[@CR16]\] and registration \[[@CR27]\] having been developed. These represent rich dynamic datasets which have yielded novel insights into plant stem cell biology and organ development.

Here we report the development of a software package called 3DCellAtlas Meristem. This software accurately annotates all cells within 3D cellular resolution segmentation of dicot SAMs. Cell types identified include the different cell layers representing the L1, L2 and underlying L3 cells, the restricted stem cell niche, and the boundary region between the central zone and organ primordia. Cell types within the primordia are also identified.

Implementation {#Sec2}
==============

The acquisition and 3D cellular segmentation of z-stacks of living plant SAMs have been described previously \[[@CR3], [@CR11], [@CR16]\]. The segmentation and polygonal meshing processes are performed within the freely available software MorphoGraphX \[[@CR11]\]. 3DCellAtlas Meristem has been implemented within this software to streamline its use and enable widespread distribution and uptake. The code has been implemented in such a way that the users can run 3DCellAtlas Meristem exclusively using the GUI provided within MorphoGraphX.

Following the 3D segmentation of the cells in the SAM \[[@CR11], [@CR16]\], a second mesh describing the surface of the SAM is generated as described previously \[[@CR28]\] (Fig. [1](#Fig1){ref-type="fig"}, Additional file [1](#MOESM1){ref-type="media"}).Fig. 1Schematic illustrating the workflow of 3DCellAtlas Meristem

The first process "Label Meristem" then proceeds to perform the primary annotation of all cells in the SAM. A parameter called "Minimum Cell Volume" enables the user to exclude cells from the analysis which are below a certain cell size. The identification of cell position across the successive layers of the meristem (L1--L3) is then achieved by calculating the centroid $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal{M}}^{i}$$\end{document}$ for each cell, with the cell centroid at the vertex, and the nearest point on the surface mesh at the centre of the base (Fig. [2](#Fig2){ref-type="fig"}a). Then, for each cell centroid $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal{M}}^{i}$$\end{document}$, a variable parameter chosen to be 60°. Thus, the L1 cells are chosen as the cells which have no other centroids inside their cones. The cone angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta$$\end{document}$ can be modified to accommodate differences in the sizes of the cells being analysed, for example in different species or in mutant meristems. The L1 cells are then removed from the analysis, and the process is repeated to identify the L2 cells, and then repeated again to identify the L3 cells. All cells below the L2 layer are given the same annotation identity.Fig. 2**a** Schematic illustrating the use of cones to define cell axes relative the surface of the SAM. **b** Definition of depth at which the organizing centre is identified indicated as a blue line. **c** The radius of cells comprising the organizing centre show in the grey dashed line, and selected cells in pink. Both the depth and radius used to identify these cells are defined by the user

The next step named "Mark Meristem" enables the user to define the stem cell niche, or *WUSCHEL* zone \[[@CR5]\], within the central region of the meristem. Here the user selects the cell at the top of the dome of the meristem, marking the centre of the region where the stem cell niche resides. By adjusting the parameter for the "Depth of the Organ Centre", the distance of the stem cell niche from the surface can be altered (Fig. [2](#Fig2){ref-type="fig"}b). The Radius parameter adjusts how wide the region selected is (Fig. [2](#Fig2){ref-type="fig"}c). This process calls upon "Detect Layers" to mark the L1 and L2, and all cells below the L2 are marked as L3, however the stem cell niche is not overwritten by the L3 label, nor are the cells above it within the L2 layer.

The final stage of the procedure allows for the separate identification and annotation of the primordia within the sample, and the boundary region between these developing organs and the central SAM. Here, users select each primordium individually by clicking a cell on the top of the mass of cells, and a cell in the saddle (boundary) region between the primordium and central SAM. The Boolean feature "Primordium Label Same" can be set to "No", such that each time a primordium is selected it is given different cellular annotations, separating one primordium from the next. The "Ratio Parameter" defines how large the boundary region is between the primordium and SAM. The "Absolute Distance Parameter" defines how deep the boundary region is. Primordia can be sequentially selected by iteratively running the "Mark Primordium" process.
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                \begin{document}$$d_{p} = \left\| \varvec{x}_{p} - \varvec{x}_{b} \right\|$$\end{document}$ then provide a ratio for a weighted Voronoi map for the cell centroids, such that for all cells $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$i$$\end{document}$ in the sample$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$P$$\end{document}$ is the set of cells with centroids that are relatively closer to the cell at the peak of the primordium than the peak of the SAM, with weighting given by the ratio of the distance from the primordium peak to the boundary, and the distance from the SAM peak to the boundary. This definition may be modified to include cells in the boundary with a small distance $\documentclass[12pt]{minimal}
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Results {#Sec3}
=======

We followed this procedure using *Arabidopsis* floral meristems and tomato vegetative meristems to test the accuracy with which cell types can be identified. The procedure resulted in the comprehensive annotation of all segmented cells within samples (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Cellular annotation of SAMs in **a** *Arabidopsis* and **b** tomato. L1 is indicated in light green, L2 in blue, L3 in yellow. Associated layers above the organizing centres are cyan, maroon, and dark green, respectively. The organizing centre is in light pink. The cell layers in the primordia of the *Arabidopsis* meristem (**a**) are given distinct colours

To evaluate the effectiveness of this method, we calculated the accuracy by which cells are correctly identified in the SAM (Table [1](#Tab1){ref-type="table"}). We did not include the boundary zone in this analysis as it requires a genetic marker to be properly identified \[[@CR3]\].Table 1Percentage accuracy for the cellular annotation of layers in tomato and *Arabidopsis* SAMsCell typeTomato (%)*Arabidopsis* (%)L199.899.2L299.896.5L399.396.3Calculations are based on the percentage of cells that were correctly annotated

The accuracy of this method principally depends upon both the correct 3D segmentation of cells \[[@CR2], [@CR39]\], and creation of a surface mesh that fits the SAM properly (see Additional file [1](#MOESM1){ref-type="media"}) \[[@CR11]\]. The extent to which cells are accurately segmented depends on a number of factors including image acquisition, post-processing, and editing \[[@CR1], [@CR10]\]. The degree of user involvement in the correct segmentation of cells will likely diminish over time as adaptive computational approaches to achieve this are developed \[[@CR14], [@CR25], [@CR32]\].

In the tomato SAM \[[@CR11]\] a very small fraction of cells were not correctly identified, resulting in a greater than 99% accuracy. Cells in the *Arabidopsis* SAM \[[@CR19]\] were identified with slightly less accuracy in the lower layers at 96%.

As there is no current method to annotate the cells of the SAM, it was not possible to compare the accuracy of this to other published methods.

Having accurately identified cell types in each tomato and *Arabidopsis* SAMs, we quantified the geometric properties of cells across cell layers L1--L3 in each of these species. In *Arabidopsis*, cell size is significantly different across each of the layers, with the surface area progressively increasing with increasing depth into the SAM (Fig. [4](#Fig4){ref-type="fig"}a). The tomato SAM has a very different structure, with cells in the L1 being the largest and cell size becoming progressively smaller in successive layers (Fig. [4](#Fig4){ref-type="fig"}b). This highlights the presence of distinct cellular organization in the SAM of each of these species.Fig. 4Comparison of size in distinct cell types identified using 3DCellAtlas Meristem. **a** Cell sizes in the L1--L3 in the *Arabidopsis* SAM. **b** Same as **a** with the tomato SAM. **c** Cell number in primordia 1 through 4 in each the L1--L3 in *Arabidopsis*. **d** Cell sizes in the L1--L3 of floral primordia 1 in *Arabidopsis*. **e** Same as **d** with primordia 2. **f** Same as **d** with primordia 3. **g** Same as **d** with primordia 4. **h** Cells sizes in the stem cell niche and boundary zones in the *Arabidopsis* SAM. An asterisk denotes significance at the *p* \< 0.05 level (*t* test with Bonferroni corrected *p* value, *p* \< 1.08 × 10^−3^)

3DCellAtlas Meristem additionally annotates primordia and the cells within these developing structures. We examined the size of cells across this developmental gradient of organ formation in *Arabidopsis*. As expected, the total number of cells in each layer increased across primordium development (Fig. [4](#Fig4){ref-type="fig"}c). Cell size in layers in each of the successive primordia followed a similar pattern, with the L1 having the smallest cells and L3 the largest (Figs. [4](#Fig4){ref-type="fig"}d--g). This gradient of cell size is shared between developing primordia and the SAM in *Arabidopsis*.

3DCellAtlas Meristem also identifies the stem cell niche in the central zone of the SAM using an area that is defined by the user (Fig. [2](#Fig2){ref-type="fig"}). Coupled with this, the boundary regions between the organ primordia and central region of the SAM are also identified (Additional file [1](#MOESM1){ref-type="media"}). We compared cell sizes in each the stem cell niche and boundary zones to the L3 cells of the SAM to identify whether differences are present. Cells in the boundary zone are significantly larger than those in the stem cell niche or the remaining L3 in *Arabidopsis* (Fig. [4](#Fig4){ref-type="fig"}h).

Having characterized the distribution of cell sizes across distinct cell populations of the SAM in tomato and *Arabidopsis*, we next sought to examine the distribution of cell shapes based on their anisotropy. Cells in the *Arabidopsis* SAM are most anisotropic in the underlying L3 layer and become progressively more isotropic towards the L1 (Fig. [5](#Fig5){ref-type="fig"}a). A similar trend is observed in the tomato SAM (Fig. [5](#Fig5){ref-type="fig"}b). This illustrates a conserved gradient of cell shape between these species, in contrast to the divergent distribution of cell sizes (Fig. [4](#Fig4){ref-type="fig"}a, b).Fig. 5Comparison of cell shape in distinct regions of the SAM identified using 3DCellAtlas Meristem. **a** Cell anisotropy in the L1--L3 in the *Arabidopsis* SAM. **b** Same as **a** with the tomato SAM. Cell anisotropy in the L1--L3 of **c**--**f** floral primordia 1 through 4 in *Arabidopsis*. **g** Cells anisotropy in the stem cell niche and boundary zones in the *Arabidopsis* SAM. An asterisk denotes significance at the *p* \< 0.05 level (*t* test with Bonferroni corrected *p* value, *p* \< 1.08 × 10^−3^)

Within the developing primordia a similar trend was observed, where the L2 cells were most anisotropic, and the L1 and L3 less so (Fig. [5](#Fig5){ref-type="fig"}c--f). A comparison of the boundary zone to the stem cell niche revealed that the stem cells are the most isotropic and boundary zone cells the most anisotropic (Fig. [5](#Fig5){ref-type="fig"}g).

The movement of information across the multicellular SAM occurs principally through the shared interfaces between adjacent cells \[[@CR30], [@CR35]\]. We sought to understand how the size of shared intercellular interfaces are distributed across each the *Arabidopsis* and tomato SAM based on the cell type annotations derived using 3DCellAtlas Meristem. We made use of our previously published algorithm to identify physical associations between cells in segmented SAMs \[[@CR28]\], and in turn represent these as global cellular interaction networks (Fig. [6](#Fig6){ref-type="fig"}a, b).Fig. 6Topology of SAM layers, identified using 3DCellAtlasMeristem. **a** The *Arabidopsis* cellular connectivity network, with node coloured by cell type identified with 3DCellAtlasMeristem. **b** The tomato cellular connectivity network coloured by different cell layers. **c** Cell interface sizes within and between layers of the *Arabidopsis* SAM. **d** Same as **c** with the tomato SAM. An asterisk denotes significance at the *p* \< 0.05 level (*t* test with Bonferroni corrected *p* value, *p* \< 1.08 × 10^−3^)

In addition to identifying which cells are in contact with one another, the script is also capable of calculating the size of the shared intercellular interfaces. We plotted the distribution of these intercellular interfaces within each layer and between the L1 than the L2 separately. In both *Arabidopsis* and tomato, the shared interface between the layers is smaller than within the layers (Fig. [6](#Fig6){ref-type="fig"}c, d). Interface sizes are greater within the L2 than the L1 in *Arabidopsis* (Fig. [6](#Fig6){ref-type="fig"}c), and greater within the L1 and L2 in tomato SAMs (Fig. [6](#Fig6){ref-type="fig"}d). This reflects the larger cell sizes in the L1 in tomato and L2 in *Arabidopsis* (Fig. [4](#Fig4){ref-type="fig"}a, b). Collectively this reveals a similar cellular architecture to be present within each tomato and *Arabidopsis* SAMs, underpinning the intercellular path of molecular movement through these multicellular systems. In light of the need for information to move across layers in the SAM, for example in the *WUSCHEL*-*CLAVATA1* loop which mediates stem cell homeostasis \[[@CR36]\], these genetic programs are acting across similar multicellular templates in different species.

Materials and methods {#Sec4}
=====================

Image acquisition {#Sec5}
-----------------

Images of tomato (*Solanum lycopersicum*) and *Arabidopsis thaliana* meristems were performed using living tissues and an upright Leica SP8. Tomato meristems were stained using propidium iodide as described previously \[[@CR23]\]. *Arabidopsis* meristems were imaged using a plasma membrane localized YFP construct described previously \[[@CR38]\].

3D Cell segmentation {#Sec6}
--------------------

The autoseeded 3D watershed algorithm was used to perform cellular segmentations as described previously \[[@CR2], [@CR11]\].

Cell shape analysis {#Sec7}
-------------------

Anisotropy was calculated using the PCAnalysis process in MorphoGraphX, which abstracts the shape of each cell into three principal vectors. The magnitudes of these vectors are each divided by the sum of all three vector magnitudes, and the maximum resulting value is used to define anisotropy.

Topological analyses {#Sec8}
--------------------

Extraction of cellular connectivity networks was performed as described previously \[[@CR20], [@CR28]\]. Analyses were performed using NetworkX in Python \[[@CR31]\].

Conclusion {#Sec9}
==========

The ability to semi-automatically annotate all cells in diverse plant SAMs provides numerous exciting opportunities to analyse the structure of these cellular assemblies. The method described here works for dome-shaped meristems, and serves its function at high accuracy. In addition to the geometric analysis of cell shapes (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}), this method may be used to understand cell type specific topological properties of the multicellular assemblies within the SAM (Fig. [6](#Fig6){ref-type="fig"}). As a proof of concept we were able to identify differences in each of these domains between *Arabidopsis* and tomato SAMs.

The compatability of datasets with this method is facilitated by the inclusion of adaptive controls which allow for the adjustment of key parameters needed to achieve high accuracy annotations. Details of this are included in the User Guide.

The use of fluorescence-based images with 3DCellAtlas enables the simultaneous use of reporter constructs within this context \[[@CR11]\]. A boundary marker may be used to delineate cells and perform segmentation, while genetic reporters and biosensors can be integrated in a second channel. MorphoGraphX enables the single cell quantification of reporters and thus paves the way for digital single cell analysis of diverse reporter constructs within the context of the SAM, as has been reported previously for radially symmetric tissues \[[@CR28]\].

This approach further enables cell type specific phenotyping of SAMs in plants which carry mutations resulting in both morphological and genetic perturbations. The integration of this software into the popular and freely available software MorphoGraphX \[[@CR11]\], where 3D cellular segmentation is routinely being performed, will enable the rapid and seamless adoption of this novel software, adding value to existing and novel datasets.

Additional file
===============

 {#Sec10}

**Additional file 1.** User guide for 3DCellAtlas Meristem.

SAM

:   shoot apical meristem

L1, L2, L3

:   layer 1, 2, 3

TMJ and SS developed the code. LW tested the code. MDBJ, LW and GWB analysed data. GWB and TMJ conceived the project. GWB and RSS supervised the project. GWB wrote the manuscript with input from all authors. All authors read and approved the final manuscript.

Acknowledgements {#FPar1}
================

Not applicable.

Competing interests {#FPar2}
===================

The authors declare no competing financial interests.

Availability of data and material {#FPar3}
=================================

The datasets during and/or analysed during the current study available from the corresponding author on reasonable request.

Consent for publication {#FPar4}
=======================

Not applicable.

Ethics approval and consent to participate {#FPar5}
==========================================

Not applicable.

Funding {#FPar6}
=======

G.W.B. was supported by BBSRC grants BB/J017604/1, BB/L010232/1, and BB/N009754/1. M.D.B.J. and L.W. were supported by BBSRC DTP BB/M01116X/1 MIBTP. S.S. and R.S.S. we funded by DFG Plant MorphoDymanics Research Unit FOR2581. T.D.M-J. is funded by EPSRC grant EP/R041555/1.

Publisher's Note {#FPar7}
================

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
